SUMMARY. The effects of cover crops on nutrient cycling, weed suppression, and onion (Allium cepa) yield were evaluated under a muck soil with high organic matter in Michigan. Four brassica cover crops, including brown mustard (Brassica juncea 'Common brown'), oilseed radish (Raphanus sativus 'Daikon'), oriental mustard (B. juncea 'Forge'), and yellow mustard (Sinapis alba 'Tilney'), as well as sorghum sudangrass (Sorghum bicolor · S. sudanense 'Honey Sweet') produced similar amount of biomass and recycled similar amounts of nitrogen, phosphorus, and potassium. The brassica cover crop biomass contained more calcium, sulfur, and boron, but less magnesium, iron, manganese, copper, and zinc than sorghum sudangrass. However, soil fertility was generally similar regardless of whether a cover crop was used. This was mainly because the soil was sampled when most of the cover crop residue was not yet decomposed. Weed density during onion growth was reduced by all cover crops compared with the control with no cover crop, with yellow mustard treatment having the lowest weed density among the cover crops. Weed species composition was also significantly affected by the cover crops. Yellow mustard treatment had the lowest density of common purslane (Portulaca oleracea) and redroot pigweed (Amaranthus retroflexus), whereas sorghum sudangrass had the highest yellow nutsedge (Cyperus esculentus) density among all the treatments. However, weed suppression was not enough to eliminate normal control strategies. The brassica cover crops, especially oilseed radish and yellow mustard, increased onion stand count and marketable yield. These results suggest that brassica and sorghum sudangrass cover crops could provide multiple benefits if incorporated into short-term onion rotations under Michigan growing conditions.
T he Michigan onion industry was valued at $9.65 million in 2005, with a total of 1500 ha harvested (Michigan Department of Agriculture, 2006) . Most of the production is for fresh market and is conducted mainly on muck soils. The high organic matter and nutrient content of these soils help produce high-quality vegetables. Therefore, commercial onion production in Michigan is conducted under intensive systems with short-term crop rotations. Many onion growers use a 2-to 3-year rotation with crops like celery (Apium graveolens), carrot (Daucus carota), field corn (Zea mays), or potatoes (Solanum tuberosum). With the exception of field corn, most of those crops leave low residues after harvest. As a consequence of these cropping systems, cultivated muck soils may subside up to 3 cm every year because of wind erosion, compaction, and organic matter oxidation (Hoffmann et al., 1996) . A cover crop planted after harvest of the cash crop may help reduce soil erosion and compaction (Hoffmann et al., 1996) . Cover crops and other soil organic amendments could also serve as enhancement strategies for onion production under short-term crop rotations. Benefits could include weed suppression (Boyhan et al., 2006; Charles et al., 2006; Liebman and Gallandt, 1997) , reduced nitrate leaching (Corak et al., 1991; Greenwood et al., 1996; Hall et al., 1984) , and improved yield (Boydston and Hang, 1995; Krishnan et al., 1998; Thorup-Kristensen, 2006) .
Barley (Hordeum vulgare) has been used successfully in many regions as a living mulch with onions to reduce soil erosion and to protect the onions from wind damage (Greenland, 2000; Hatterman-Valenti and Hendrickson, 2006; Zandstra and Warncke, 1993) . However, few studies have looked at the effect of the preceding cover crop on onion production. In a recent study conducted in Denmark, Thorup-Kristensen (2006) showed that nitrogen (N) uptake by onion was enhanced in plots with a previous cover crop compared with control plots. The amount of nutrients recycled by cover crops and released during the decomposition process is important information that could be used to coordinate the nutrients available and nutrient uptake of cash crops (Rosecrance et al., 2000) . This could reduce fertilizer input and nutrient leaching while maintaining desirable crop yield.
In Michigan, onions are usually seeded in April and harvested in September. The long growing season does not provide an adequate window to grow warm-season cover crops. Fall-seeded winter cover crops like wheat (Triticum aestivum) and cereal rye (Secale cereale) are the most common species used by growers in Michigan. The cover crop is usually killed late in the spring by cultivation or by herbicide application, followed by crop planting (Mutch and Martin, 1998) . The large amount of biomass produced and its slow decomposition make those cover crops unsuited for onion production in Michigan, because most of the onion in Michigan is direct seeded and requires a wellprepared seedbed for adequate seed emergence and establishment. Many onion growers are interested in improving their short-term crop rotations with cover crops that do not interfere with field operations at the time of onion seeding. Cool-season cover crops like brassicas could be integrated in the crop rotation systems and planted in the fall after harvest of a short-cycle crop. Their residues break down easily and do not interfere with field operations in the spring (Charles et al., 2006) . Several studies showed that brassica species suppressed seed germination, emergence, and seedling growth of many weed species in the laboratory, greenhouse, and field studies (Al-Khatib et al., 1997; Boydston and Hang, 1995; Krishnan et al., 1998; Haramoto and Gallandt, 2004) . Brassica cover crops are also known to produce glucosinolates, which upon hydrolysis release biocidal compounds, including isothiocyanates, with activity on phytophagous insects, nematodes, and fungi (Brown and Morra, 1996; Gallandt, 2004, 2005; Matthiessen and Kirkegaard, 2006; Mojtahedi et al., 1991) . This study was therefore undertaken to determine the effects of several brassica cover crops and sorghum sudangrass on nutrient cycling, weed suppression, and onion yield. The experiment used a randomized complete block design with four replications and six treatments: five cover crops and a bare-soil control. The five cover crops included 'Honey sweet' sorghum sudangrass and four brassica species, including 'Common brown' brown mustard, 'Daikon' oilseed radish, 'Forge' oriental mustard, and 'Tilney' yellow mustard.
Materials and methods
Cover crop seeds were broadcast using a hand spreader on 18 Aug. 2004 and 9 Aug. 2005. The seeding rates were 60, 20, 12, 12, and 12 lb/ acre for sorghum sudangrass, oilseed radish, oriental mustard, yellow mustard, and brown mustard respectively. Weeds in all the treatments, including the control with no cover crop, were not controlled during cover crop growth. The cover crops were sampled on 5 Oct. 2004 and 5 Oct. 2005 for biomass production and nutrient content when all brassica cover crops were still alive and actively growing (sorghum sudangrass was previously killed by freezing temperatures on 18 Sept. 2004 and 27 Sept. 2005) . A 50 · 50-cm quadrat was tossed in each plot and all whole cover crop plants (above-and below-ground parts) were collected. Samples were dried to constant weight before biomass determination. Cover crop residue was incorporated into the soil immediately after sampling. The field was sprinkler irrigated immediately after incorporation to seal the soil surface and keep chemicals released by crop residues in the soil. This is a recommended practice to enhance the biofumigation effects of brassica cover crops (Matthiessen and Kirkegaard, 2006) . No other field operation was conducted throughout the winter period.
In the spring (mid April), a composite soil sample with 10 soil cores (0-15-cm depth) was randomly taken in each plot. Soil from each plot was then mixed for nutrient and weed seedbank analyses. Weed seeds in a sample of 200 g dry soil from each plot were separated from the soil by passing the soil-water slurry through a sieve with a 250-mm mesh size (Gross, 1990) . The total number of weed seeds in each sample was recorded. It is important to note that weed seed viability was not tested.
After soil sampling, the entire field received a starter fertilizer that supplied 35 kgÁha -1 N, 40 kgÁha Individual plots were 15 · 25 ft with two beds (12 rows total). Spacing between the two beds was 5.5 ft, and spacing between beds from consecutive treatments was 9.5 ft. The extra 4-ft buffer between treatments was to account for cover crop residue movement during tillage operations. Spacing between the consecutive double rows on the same bed was 1.4 ft, and spacing between the two rows in each double row was 5 inches. The corresponding planting density was 285,000 seeds/acre. The onion crop was irrigated as needed to eliminate any drought stress. Two weeks after emergence, onion stand was measured to determine the effect of the cover crops on onion germination in 2006. The weed control program followed normal recommendation for onion production on muck soil in Michigan (Zandstra, 2005) . Preemergent pendimethalin at 2. Onions were removed and stored in the shade for 2 weeks and then sorted into grades 1, 2, 3, and 4 according to local market standards adapted from U.S. Department of Agriculture standards (U.S. Department of Agriculture, 1995) . Grades 1, 2, 3, and 4 consisted of bulbs with a diameter of 0 to 2 inches, 2 to 2.5 inches, 2.5 to 3 inches, and more than 3 inches respectively. The number of bulbs in each grade was recorded and the weight of each grade was measured.
Analysis of variance (ANOVA) was used to detect year and treatment effects. When there was no significant treatment-by-year interaction, data for the 2 years and data on that specific variable were combined. The ANOVA procedure in SAS (SAS Institute, Cary, NC) was used to compare the treatments. All means were separated by Fisher's protected LSD at a probability level of 0.05.
Results
NUTRIENT CYCLING BY THE COVER CROPS. Biomass production was similar among cover crops. All species produced 6 to 8 tÁha -1 dry biomass on average ( Table 2 ). The cover crops also cycled similar amounts of N, P, and K. However, there were significant differences in magnesium (Mg), calcium (Ca), sulfur (S), and micronutrients among cover crops. Sorghum sudangrass had higher Mg but lower Ca and S content than brassica species. For micronutrients, sorghum sudangrass had higher iron (Fe), manganese, copper, and zinc, but lower boron than brassica species.
The cover crops did not affect soil nutrients except P, with oilseed radish plots showing higher values than other cover crop species (Table 3) . There was no difference among treatments for cation exchange capacity.
WEED POPULATIONS. All brassica cover crop treatments had lower weed density at each of the two sampling dates than the control treatment (Table 4) . Sorghum sudangrass reduced weed density significantly only at the second sampling date. All cover crops reduced total weed, with yellow mustard having the greatest effect. Generally, weed biomass followed the same pattern as weed density. This suggests a possible adjustment of weed growth in response to differences in density. Yellow mustard was the most effective cover crop at suppressing weeds, with 52.6% and 31.5% reduction in weed density and weed biomass respectively when compared with the control.
Yellow nutsedge, common purslane, redroot pigweed, and wild mustard (Brassica kaber) represented more than 90% of the total weed populations in the field (Table 5 ). The cover crops significantly affected weed species composition. Redroot pigweed populations were more affected by the cover crops than any other weed species. Control treatment had the highest density of common purslane and pigweed (two major weeds in the control plot during cover crop growth), whereas the yellow mustard treatment had the lowest density of these two weed species. Sorghum sudangrass had higher yellow nutsedge density compared with the control and brassica cover crop treatments, except for the brown mustard treatment. Wild mustard was unaffected by the cover crops, probably because of their close relationship with the brassica cover crops used. Also, wild mustard is a winter annual and did not produce any seed in the fall before incorporating the cover crops in October.
All cover crops reduced recoverable weed seeds in the soil compared with control treatment (Fig. 1) . Weed seeds in the cover crop plots were at least threefold lower compared with the control system. This suggests that under our experimental conditions, weed populations in the preceding season are critical for weed seedbank recruitment. The cover crops suppressed most weed species and reduced seed production in the late summer and early autumn.
ONION STAND AND BULB YIELD. Oilseed radish, yellow mustard, and brown mustard treatments had 
Cover crops were planted in the previous fall. Biomass was measured before winter. Data were combined for 2 years in each experiment. The measured plant nutrients were nitrogen (N), phosphorus (P), potassium (K), magnesium (Mg), calcium (Ca), sulfur (S), sodium (Na), iron (Fe), manganese (Mn), boron (B), copper (Cu), and zinc (Zn). 1 kgÁha -1 = 0.8922 lb/acre. y All numbers within a column followed by the same letter are not statistically different at a probability level of 0.05. greater onion stand counts compared with the control treatment (Fig. 2) . Oilseed radish and yellow mustard had onion plant numbers greater by 14.6% and 12.5% respectively compared with the control. Oilseed radish increased onion marketable yield by 9.4% and bulb number by 16.5% compared with the control treatment (Table 6 ). Brown mustard, yellow mustard, and sorghum sudangrass also increased bulb number, but the increased bulb number did not translate into significant increases in total weight.
The cover crops significantly affected onion size distribution (Table 6 ). There were more grade 1 onions (small nonmarketable) in the cover crop treatments compared with the control except for the oilseed radish treatment. This was likely a direct consequence of better stand establishment in the cover crop plots compared with the control plots. Oilseed radish and brown mustard treatments also had a larger number and greater weight of grade 2 bulbs compared with the control treatment. Grade 3 and grade 4 onions were unaffected by the cover crop treatment.
Discussion
Brassica species are promising cover crops in agricultural systems because, in addition to their general role as cover crops, they produce chemicals with activity on a broad range of soil-borne pests and diseases (Haramoto and Gallandt, 2004; Matthiessen and Kirkegaard, 2006) . Nutrient cycling in this study showed that brassica cover crops, when planted in the Great Lakes region (temperate climate) in the fall, can produce large amounts of biomass and, therefore, can recycle significant amounts of nutrients. Our study also showed that the amount of Mg, Ca, S, and some other micronutrients recycled in brassica cover crops was different from sorghum sudangrass.
Despite the large amount of nutrients in the cover crop biomass, soil nutrient levels were generally similar in all treatments, regardless of whether cover crops were used. The lack of difference in soil fertility between the cover crops and the control was likely because weeds were allowed to grow in the control plots. These weeds were able to recycle some nutrients, like the cover crops, but with the downside of producing seeds that would become problematic the following season. During soil ; 1 gÁm -2 = 0.0033 oz/ft 2 . x All numbers within a column followed by the same letter are not statistically different at a probability level of 0.05. x All numbers within a column followed by the same letter are not statistically different at a probability level of 0.05.
• January-March 2008 18 (1) sampling, there was still a significant amount of crop residues seen in the field because of the slow decomposition during the winter. Nutrients trapped in these residues will be available to onion after decomposition. In a previous study using oilseed radish in a celery field, Charles (2005) showed large amount of nutrients recycled in the soil by the cover crop when residues were allowed more time to break down in the spring. In the current study, soil samples were collected too soon because onion is seeded early in the spring in Michigan, and it was necessary to evaluate soil nutrient status before fertilizer application. Our results suggest that studies evaluating the nutrient cycling potential of cover crops should take into account the rate of residue decomposition and nutrient release.
In our study, all cover crops reduced the number of weed seed in the soil and reduced, subsequently, weed density and biomass in the succeeding onion crop compared with the control treatment. Yellow mustard had the greatest effect on weed suppression. This result is consistent with previous findings on brassica cover crops (Al-Khatib et al., 1997; Boydston and Hang, 1995; Krishnan et al., 1998) . Brassica species and brassica residues have been reported to suppress seed germination, emergence, and seedling growth in many laboratory and greenhouse studies (Haramoto and Gallandt, 2004) . AlKhatib et al. (1997) showed that weed density in pea (Pisum sativum) following rapeseed (Brassica napus) and white mustard (Sinapis alba) was lower than following wheat. Boydston and Hang (1995) showed that after rapeseed, midseason weed density in potato decreased and potato yield increased compared with systems in which the ground was previously bare or in sorghum sudangrass. Krishnan et al. (1998) showed weed biomass in soybean (Glycine max) following rapeseed, white mustard, and brown mustard was lower than the control at one of the two locations tested.
Surprisingly, sorghum sudangrass had the highest yellow nutsedge density: 1.7 times higher than in the control treatment. The reason for the increased yellow nutsedge density is unknown and may need further attention in future studies. Despite the high level of weed suppression by the cover crops, it is important to note that this effect was not enough to eliminate normal weed control programs. Similar results have been reported by Boyhan et al. (2006) with natural mulches for organic onion production. They tested a variety of natural mulches and found that none of them was effective enough to be used as a standalone weed management tool. It is therefore clear that cover crops or mulches when used for weed suppression should be combined with existing management strategies. Continuous use of the cover crops in combination with other management methods like hand weeding or herbicide application would improve long-term weed management (Liebman and Gallandt, 1997) .
Oilseed radish increased onion yield. Similar results were observed in potato following rapeseed, and in soybean following three brassica cover crops (Boydston and Hang, 1995; Krishnan et al., 1998) . However, yield losses were reported in peas following rapeseed and white mustard as a result of a reduction in crop stand (Al-Khatib et al., 1997; Muehlchen et al., 1990; Scott and Knudsen, 1999) . In our study, oilseed radish and yellow mustard increased the onion stand count by 14.6% and 12.5%, and had the highest onion yield among the treatments. The improved onion stand in the cover crop treatments had little effect on marketable yield, but affected bulb size distribution. Bulb size distribution is an important factor for determining onion economic value. Under Michigan conditions, growers are interested in large bulbs. In this study, yield of large bulbs (grades 3 and 4) was unaffected by the cover crop treatments. Culls (grade 1) were the most affected, with cover crop plots producing more small bulbs. This was likely the direct consequence of the increased stand in the cover crops. In New York, sorghum sudangrass was also reported to improve onion stand (Mishanec, 2005) . The processes underlying the increased onion stand following the cover crops is not known, but could be related to soil biological properties. Future investigations should look at soil microbial communities and onion seed germination in the different systems. Michigan growers have also expressed interest in testing the possibility to reduce onion planting density after the brassica cover crops. If proved effective, even a 10% reduction in seeding rate could provide enough incentive to growers and cover some of the cost associated with the use of cover crops.
In conclusion, the cover crops tested appear to be promising for direct-seeded onion production in muck soils under our climatic conditions. Benefits could include enhanced nutrient cycling (and thus reduced nutrient leaching), some level of weed suppression, and enhanced yield. Integrating the cover crops into onion production systems could also enhance the sustainability of the current short-term onion rotations. The cover crops were planted in previous fall, and onion was sown the following spring. y Grades 1, 2, 3, and 4 consisted of bulbs with a diameter of 0 to 2 inches, 2 to 2.5 inches, 2.5 to 3 inches, and more than 3 inches respectively. 1 inch = 25.4 mm. x 1000 onions/ha = 404.7 onions/acre; 1 tÁha -1 = 0.4461 ton/acre. w All numbers within a column and year followed by the same letter are not statistically different (a = 0.05).
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